Images of the 6.7-GHz methanol maser emission from W3(OH) made at 50-and 100-mas angular resolution with the Multi-Element Radio-Linked Interferometer Network (MERLIN) are presented. The masers lie across the western face of the ultracompact H II region in extended filaments which may trace large-scale shocks. There is a complex interrelation between the 6.7-GHz methanol masers and hydroxyl (OH) masers at 1.7 and 4.7 GHz. Together the two species trace an extended filamentary structure that stretches at least 3100 au across the face of the ultracompact H II region. The dominant 6.7-GHz methanol emission coincides with the radio continuum peak and is populated by masers with broad spectral lines. The 6.7-GHz methanol emission is elongated at position angle 50
We have used the new 6.7-GHz capability of the upgraded Multi-Element Radio-Linked Interferometer Network (MERLIN) 1 to study the distribution, individual structure and precise astrometric positions of the 6.7-GHz methanol masers in W3(OH) for the first time. This has enabled us to compare 6.7-GHz methanol maser spot positions with the most recent OH maser positions to 12-mas and also to search for extended methanol masers of the type observed in excited OH at 4765 MHz.
O B S E RVAT I O N S
The 5 1 -6 0 A + 6668.518-MHz methanol emission from W3(OH) was observed on 2004 December 10-11 using five telescopes of MERLIN: the Mark II telescope at Jodrell Bank and outstation telescopes at Cambridge, Darnhall, Knockin and Pickmere. The longest baseline was 218 km, giving a minimum fringe spacing of 43 mas at 6668 MHz. These were amongst the first observations to use the new broadband e-MERLIN 4-8 GHz receivers. Observations were carried out in a frequency-switched mode, switching between the 5 1 -6 0 A + transition of methanol at 6668.518 MHz and the J = 5/2, F = 2-2 and 3-3 OH main lines at 6030.749 and 6035.093 MHz. The OH observations will be reported elsewhere.
A spectral bandwidth of 500 kHz was employed for the line observations (narrow-band mode), corresponding to a radial velocity range of 22.5 km s −1 at 6.7 GHz. The correlator was configured to observe 512 frequency channels in full polarization mode (LL, RR, LR and RL correlations). The corresponding velocity resolution was 0.05 km s −1 . The central velocity of the observations was −45 km s −1 . Here and elsewhere radial velocities are given relative to the local standard of rest.
For observations of the phase-calibrator source 0224+671, a 16-MHz bandwidth was split into 16 channels (wide-band mode). Each 7-min observation of W3(OH) in narrow-band mode was followed by a 2-min period on the phase-calibrator source in wideband mode. Observations of W3(OH) and 0224+671 were cycled in frequency between the three spectral lines. The total time spent on W3(OH) at 6.7 GHz was 197 min. In addition, two longer (4 h) periods were spent on the bright point-source calibrator source 2134+004 for bandpass calibration, switching between wide-band (1.5 min) and narrow-band (3.5 min) modes and cycling through the three spectral lines. Two extended periods of 1.5 and 2.5 h were spent on the primary flux and polarization-angle calibrator 3C 286. As with the point-source calibrator observations, these were switched between wide-band (every 1.5 min) and narrow-band (every 4.5 min) modes and cycled through the three frequencies.
Offline editing was first carried out and the mean flux densities were determined on the shortest (Mark II-Pickmere) baseline using the Jodrell Bank d-program DPLOT for RR and LL polarizations. The flux densities for the target and calibrator sources were then calibrated using the primary flux calibrator 3C 286. Using the formula given by Baars et al. (1977) the flux density of 3C 286 was calculated to be 6.07 Jy at 6668 MHz. This 3C 286 flux density was used to calculate the absolute flux densities of the other sources. All source flux densities calculated from 3C 286 were subsequently multiplied by 1.07 because 3C 286 is estimated to be 7 per cent resolved on the Mark II-Pickmere baseline (Peter Thomasson, private communication) . A wide-band amplitude calibration file was created using the Jodrell Bank d-program TDPROC and applied to the wide-band data. The data were then averaged over channels 2 → 14. The data were then fully calibrated and imaged in I-Stokes using AIPS 2 package. The pixel size was 15 mas, and a region of 512 × 512 pixel was imaged (7.68 × 7.68 arcsec). A restoring beam of 50 mas was used in the first instance, although later in the analysis the data were re-imaged with a 100-mas restoring beam to search for weak extended emission.
In order to identify some of the weaker emission, positions and velocities were determined from the high-quality images produced after self-calibration. The process of self-calibration has a negative effect on the absolute positional accuracy; therefore the data were also imaged without self-calibration in order to measure the precise positions of the maser spots. The positions and velocities of the brightest three maser spots were determined over exactly the same channel range as the self-calibrated case and the mean positional shift due to the self-calibration process was determined to be −0.
s 005 in RA and −0. 005 in Dec. As expected, there was no shift in the central velocity of the peaks. These shifts were applied to the original positional data ascertained from the self-calibrated images.
A careful search of the MERLIN 6.7-GHz images led to the identification of all the methanol flux in W3(OH) within the calibration errors. This was in the form of compact, but elongated, methanol masers and extended methanol maser emission. In line with previous studies, two-dimensional Gaussian components were fitted to the images in order to find the positions and other parameters of the maser components. A single maser component was counted where a feature with a minimum flux density of 5σ times the rms noise in that channel appeared in at least six adjacent velocity channels and the peak position moved less than 2 pixel (30 mas). We identified 40 separate maser components and determined their flux-weighted mean positions and velocities using the AIPS task JMFIT. The relative positions of maser components are accurate to better than 1 mas, while the absolute positions have a systematic error of ∼12 mas due to the phase calibration (Etoka et al. 2005) . As discussed below, however, the discovery of elongated and extended structures calls into question the validity of assigning Gaussian-fitted properties to individual methanol masers.
R E S U LT S

Distribution of methanol masers
The results are summarized in Table 1 which gives the positions, velocities, peak flux densities, peak brightness temperatures and FWHM linewidths of the masers, determined from Gaussian fitting. Of the 40 methanol masers we identified, only six (15 per cent) were resolved using a 50-mas diameter-restoring beam. Their deconvolved spot sizes ranged from 14 to 52 mas (corresponding to 31 to 114 au). The velocity widths are typically 0.3 km s −1 to half power. Peak brightness temperatures were calculated for each maser component based on the peak flux density. The weakest maser had a flux density of 0.28 Jy, equivalent to T b = 4.46 × 10 6 K. The strongest peaked at 2242 Jy, corresponding to T b = 3.57 × 10 10 K. Fig. 1 shows the positions and radial velocities of the 6.7-GHz methanol masers. The overall distribution is elongated north-south, 2 The Astronomical Image Processing System was developed by the National Radio Astronomy Observatory. while on a smaller scale there are groups of methanol masers distributed along arcs that run in various directions. The dense cluster of masers towards the north is shown on an expanded scale in Fig. 1 . This we term the broad-line region (Section 3.2.1). The distribution is similar to that found previously by Menten et al. (1992) and Etoka et al. (2005) , and broadly follows that of the well-studied ground-state OH masers. However, the new MERLIN data reveal methanol masers in three regions where none has been seen previously. These are the cluster of masers in the north-east between −48.1 and −46.2 km s −1 (our methanol components 24, 28, 30, 33, 38, 39 and 40) that form the bulk of the northern filament (Section 3.2.3), the western pair of masers at −45.1 km s −1 (our methanol components 22 and 23) and the isolated central maser at −44.1 km s −1 (component 19). Fig. 2 shows the component positions superimposed on the 23.7-GHz continuum image by Guilloteau, Stier & Downes (1983) . The methanol masers lie in clusters to the north, west and south of the continuum source, forming a band across the western face of the UCH II region where the OH masers are found. The OH masers are thought to lie on the nearside of the UCH II region, which is surrounded by a clumpy shell of shocked molecular gas (e.g. Elitzur & de Jong 1978; Reid et al. 1980 ).
Morphology of the masers
Although we analysed the methanol maser emission in W3(OH) in terms of discrete Gaussian components for comparison with similar analyses by other workers, it is clear from our maps that the underlying structure is filamentary, not spot like. Images of integrated emission also reveal linear structures and regions of interconnected diffuse maser emission beyond the scale of individual maser spots (e.g. Section 3.2.2 and Fig. 3 ). Furthermore, the individual masers identified by fitting Gaussian components occur in groups in which the position and velocity change in a fairly regular way. Thus, we regard the Gaussian components as simply a convenient representation of a more extended and diffuse filamentary struc- Guilloteau et al. (1983) . The positional accuracy of the alignment is 0. 1. ture (just as a radio synthesis image can be represented by CLEAN components).
There are three major groups of filamentary methanol masers in W3(OH): (i) the broad-line region (inset, Fig. 1 ) which lies close to the continuum maximum, (ii) the southern filament and (iii) the northern filament, where we have detected previously unseen maser emission. All three groups exhibit linear or arc-like structures, together with regular velocity gradients. There are also related arcs of OH masers. 
The broad-line region
The broad-line region contains 13 masers and accounts for 80 per cent of the 6.7-GHz methanol flux from W3(OH). Most of the flux comes from the compact sequence of masers at position angle 50
• , with radial velocities running from −42.6 in the south-east to −47.5 km s −1 in the north-west (Fig. 1) . The velocity widths are larger here than elsewhere in W3(OH), which suggests that there is blending of emission from different regions within the MERLIN beam. The structure is ∼0.2 arcsec long and unresolved by MERLIN in its narrow dimension ( 0.05 arcsec). It appears to be a single extended object rather than a group of seven separate masers that happen by chance to be aligned in position and velocity.
The large velocity gradient is remarkable. The maximum gradient is 47 km s −1 arcsec −1 , corresponding to 4990 km s −1 pc −1 . There are many similarities to the elongated methanol maser structure found in NGC 7538-IRS 1 by Minier, Booth & Conway (1998) and interpreted by them as an edge-on Keplerian disc.
The broad-line region coincides with the radio continuum peak (Fig. 2) . It also coincides with highly excited OH masers at 13.4 GHz imaged by Baudry & Diamond (1998) . We discuss this further in Section 4.1.
The southern filament
The integrated methanol emission from the southern filament is shown in Fig. 3 . This connecting structure is also visible, although on a smaller scale, in the image made with a 50 × 50 mas restoring beam. The 100 × 100 mas beam was used to detect weaker extended emission further from the maser peak positions. The radial velocities are everywhere close to −43 km s −1 . Fig. 3 also shows the positions of the OH ground-state masers observed by Wright, Gray & Diamond (2004a,b) . In some positions, the methanol emission correlates spatially with arcs of ground-state OH masers, while in other regions there is no correlation between the two species. The correlation between methanol emission and the 'southern arc' of 1667-MHz OH masers identified by Wright et al. (2004a,b) 
The northern filament
The northern filament encompasses eight maser spots and corresponds to the position of a single maser component identified by Menten et al. (1992) and Etoka et al. (2005) (at −47.3 and −47.2 km s −1 , respectively). The six brightest components together form an extended filament of maser emission stretching 350 mas (680 au) in an east-west direction. This is parallel to, but slightly offset from, a smaller arc of 1665-MHz OH masers reported by Wright et al. (2004a) . Two further methanol masers to the east (Table 1 components 39 and 40) appear to be a part of the same structure.
The complex velocity gradients in this region are shown in the declination-velocity plot Fig. 4 . The plus signs in the figure show the de-magnetized (mean) velocities of the 1665-MHz Zeeman pairs in this region found by Wright et al. (2004a) . The methanol velocity pattern correlates very well with that of the 1665-MHz OH masers.
The extended filament
In order to search for faint methanol halo emission, we re-imaged our data using a larger (100 × 100 mas) restoring beam. At the same time, we were hopeful of finding a methanol counterpart to the extended filament of 4765-MHz OH maser emission discovered by Harvey-Smith & Cohen (2004) . Fig. 5 shows the integrated emission from the two maser species taken over the same velocity range and plotted together with the same angular resolution. On the large scale, the two species trace a coherent north-south structure, but on the small scale they are often anticorrelated. The 4765-MHz OH emission (orange contours) neatly fills gaps between several of the 6.7-GHz methanol filaments (purple contours). Together they trace a single large-scale structure which we call the extended filament, that runs for at least 1.6 arcsec (3100 au). As already noted by HarveySmith & Cohen (2005) , there are some striking correspondences with ground-state OH masers throughout this region (shown by the coloured symbols in Fig. 5 ). The present data suggest that there is a single extended north-south structure along which different masers switch on and off according to the changing physical and perhaps chemical conditions.
The extended filament has a systematic velocity gradient along its length, which can be seen in the velocity-declination plot (Fig. 6) . Here, the methanol (purple contours) and 4765-MHz OH emission (orange contours) are again complementary and together show a north-south velocity gradient of ∼1.1 km s −1 arcsec −1 (∼120 km s −1 pc −1 ). The de-magnetized velocities of ground state OH maser Zeeman pairs (symbols) from Wright et al. (2004a,b) follow the same kinematics (see also Fig. 4) .
This plot also highlights two other aspects of the methanol distribution and kinematics: first, the dominance of the broad-line region with its large velocity width and strong velocity gradient, and secondly the tendency of the remaining methanol to occur in clusters or filaments with a typical velocity dispersion of ∼1 km s −1 .
D I S C U S S I O N
Nature of the broad-line region
The dominant methanol maser emission comes from the broad-line region, an elongated filament ∼0.2-arcsec (400 au) long at position angle 50
• , that is distinguished by its relative broad-line profiles (Table 1) and a large velocity gradient of 47 km s −1 arcsec −1 (or 4990 km s −1 pc −1 ). A filament at the same position angle and with a similar velocity gradient is seen in the 12.2-GHz VLBI data of Moscadelli et al. (1999) and Moscadelli et al. (2002) .
There are strong indications that the broad-line region hosts the main source of excitation in W3(OH). It coincides with the brightest continuum emission (Fig. 2) , it coincides with excited OH masers at 13.4 GHz (Baudry & Diamond 1998) , and it is also the region of strongest magnetic field in W3(OH) (cf. fig. 9 of Wright et al. 2004a) , with fields of up to 14 mG (Etoka et al. 2005) .
In Fig. 7 , we plot the methanol positions on the 13.4-GHz image by Baudry & Diamond (1998) , the absolute position of which was determined to 20 mas (section 3.2 of their paper). The filament and arc structures noted by Baudry & Diamond (1998) appear to trace parts of an ellipse centred on the methanol broad-line region. We have also plotted the positions of other OH masers in Fig. 7 , and they too trace similar arcs. Some 1665-MHz masers additionally follow the broad-line filament itself. The 13.4-and 1.7-GHz OH arcs centred on the broad-line region may trace an outwardly propagating shock, similar to the expanding H 2 O maser bubble found in Cepheus A by Torrelles et al. (2001) . This model of expansion is supported by proper motion studies of 1665-MHz OH masers (Bloemhof, Reid & Moran 1992; Wright et al. 2004a ) and 12.2-GHz methanol masers (Moscadelli et al. 2002) 
in W3(OH).
The broad-line region has similarities to the methanol maser filament seen in NGC 7538, which has been interpreted as an edgeon Keplerian disc (Minier et al. 1998; Pestalozzi et al. 2004 ). In particular, we note the coincidence of 6.7-and 12.2-GHz methanol emission and the similar velocity gradients (55 km s −1 arcsec −1 for NGC 7538). There is also a bend in the position-velocity diagram (Fig. 6) which Pestalozzi et al. (2004) note is a signature of differentially rotating disc. In order to study this further, it will first be necessary to image the broad-line region at higher (mas) angular resolution. Moscadelli et al. (2002) have measured proper motions of 12.2-GHz methanol masers in the broad-line region, including the broad-line filament at position angle 50
• and additional masers to the north and south. They modelled the motions in terms of a biconical surface with both expansion and rotation motions (the physical basis of which was not explained). The expansion centre of their best-fitting model is close to the geometrical centre that we derive. However, our combined methanol and OH data do not show a preferred 166
• position angle, and furthermore many of the OH masers lie in positions that are clearly inconsistent with the biconical surface. Moscadelli et al. argued against a disc interpretation of the broad-line region on the grounds that the proper motions do not show the alignment with the disc axis that would be expected if the motions were due to pure rotation. However, we note that the chaotic proper motions in this region present a difficulty for any regular kinematic model, including the biconical model preferred by Moscadelli et al. Hopefully, it will be possible to derive a more comprehensive kinematic model using combined proper motion data of methanol and OH masers when more data are available.
Nature of the extended filament
Stretching south from the broad-line region is the extended filament traced jointly by methanol and OH masers. The extended filament is striking in its sheer size, which is unprecedented for interstellar masers, and also in the way the OH and methanol masers tend to avoid each other on small scales ( 0.1 arcsec ≡ 200 au). The two species together waltz across the face of the UCH II region with clearly defined boundaries where one species ceases to dominate and the other comes to predominance. According to the modelling by Cragg et al. (2002) , there is a very limited range of physical conditions which favour maser action in just one of the species, so the differences that we observe most likely represent differences in gas phase molecular abundances of OH and methanol, on the scale of 200 au.
Linear structures in methanol masers have been recognized for many years, and in some cases have been hypothesized to be circumstellar discs (e.g. Norris et al. 1993) . If the regular velocity gradient (Fig. 6 ) is interpreted as evidence of disc structure then we can estimate the central mass. At 1.95 kpc, a velocity shift of 3 km s −1 over 2.7 arcsec would correspond to a minimum mass of 13 M . The exciting star is thought to be a zero-age main-sequence (ZAMS) O7 star, based on the far-infrared emission and the ultraviolet flux needed to account for the radio continuum emission (Dreher & Welch 1981) . The mass of >13 M that we derive is consistent with the 30 M mass of an O7 star, given the uncertainties in the radius, rotation velocity and inclination angle of the disc.
However, the disc interpretation of methanol masers has also been called into question. Dodson, Ojha & Ellingsen (2004) found several elongated 6.7-GHz methanol sources with distributions up to 1900-au long, showing regular velocity shifts of a few km s −1 along their length, and velocity dispersions of the order of 1 km s −1 for individual clusters of methanol masers. They found that a simple disc model could not explain their data, and preferred a model in which the linear structure and velocity gradient of the masers are due to a shock propagating across the line of sight. Dodson et al. (2004) suggested that the propagation of an edge-on shock is revealed by a small-scale transverse velocity gradient in the maser perpendicular to the shock (that being the direction of elongation). We found no evidence of such systematic transverse velocity gradients in W3(OH).
The position-velocity plots presented by Dodson et al. (2004) are very similar to that of W3(OH), our Fig. 6 . What makes W3(OH) and its extended filament unique is the intricate composition of different maser lines of OH and methanol, which together define a more or less continuous filamentary structure spanning at least 3100 au.
The strong OH and methanol masers are accompanied by emission and absorption in other OH and methanol lines. The 4765-MHz OH filament is accompanied by OH absorption at 4660 plus 4750-MHz emission (Guilloteau, Baudry & Walmsley 1985) , OH absorption at 7762 MHz plus absorption and emission at 7820 MHz (Baudry et al. 1993) , OH absorption at 8136 plus 8190-MHz emission (Baudry et al. 1993 ) and 23-GHz absorption (Baudry & Menten 1995) . The simultaneous occurrence of these lines variously in emission and absorption can be understood in terms of infrared pumping of the OH molecules, as noted by HarveySmith & Cohen (2005) . It is likely that the OH absorption and quasithermal regions form an envelope around the more compact regions producing strong masers. However, this requires confirmation using angular resolution better than the 0.3-0.5 arcsec achieved in the above measurements.
Methanol emission and absorption lines towards W3(OH) were extensively studied by Sutton et al. (2001 Sutton et al. ( , 2004 using the BerkeleyIllinois-Maryland Association (BIMA) array with and angular resolution of 1.5-2.5 arcsec. Both a narrow maser 'spike' and a broader 'pedestal' component were identified. From detailed modelling, these authors concluded that the gas producing the maser 'spikes' was high density (10 7 cm −3 ) with kinetic temperatures greater than 110 K. These values are similar to the conditions found by Etoka et al. (2005) for copropagation of 1720-and 4765-MHz OH masers in W3(OH). Further modelling of BIMA data on 24 methanol lines by Sobolev et al. (2004) suggests that the gas responsible for the strong masers at 6.7-GHz has a total extent of the order of 1 arcsec, three orders of magnitude larger than the apparent sizes of individual maser spots.
We have been able to identify counterparts to the extended maser filament in other (thermal) molecular lines that have been imaged at subarcsecond resolution. There is NH 3 absorption in the region of the extended filament (Guilloteau et al. 1983 , in particular their fig. 4a ). At mm-wavelengths, Wyrowski et al. (1999) found thermal methanol, formaldehyde and HCOOCH 3 over the same region. They suggested a chemical link between these molecules, for which there is now experimental evidence (Watanabe & Kouchi 2002) . The angular resolution for all the measurements cited was typically 0.5 arcsec, which is sufficient to show the overall agreement with our maser results, but not high enough to allow detailed comparison.
Core-halo structure
The present measurements provide insight into the structure of methanol maser regions. The bright cores identified in VLBI images of W3(OH) by Menten et al. (1992) coincide with individual maser spots identified in the MERLIN data via Gaussian fitting. However, the VLBI measurements detect only half the flux, whereas MERLIN detects all the flux. Thus, half of the emission arises in extended regions surrounding the VLBI core. The typical size of the extended regions is comparable to the MERLIN beam (50 mas or ∼100 au), with brightness temperatures in the range 4 × 10 6 to 4 × 10 10 K, whereas the cores have angular sizes of the order of 1.5 mas (∼3 au) and brightness temperatures up to 10 12 K. Moscadelli et al. (1999) found a similar core-halo structure in the W3(OH) methanol masers at 12.2 GHz using the VLBA. Approximately, 25 per cent of the single-dish flux was missing from the VLBA images. The authors suggested that the missing flux was in the form of extended methanol masers larger than 20 mas and with brightness temperatures lower than 3 × 10 9 K. Minier et al. (2002) studied 6.7-and 12.2-GHz methanol masers in three other star-forming regions, and found cores between 2 and 20 au in diameter, surrounded by haloes of diffuse maser emission with sizes ranging between 12 and 290 au. They presented three possible scenarios for the core-halo structure, but were unable to distinguish between them.
Our MERLIN images of W3(OH) at 6.7 GHz show extended filamentary structure linking the cores, but do not have the angular resolution to fully resolve the filaments. A combined array of MERLIN plus VLBI will be needed to achieve the necessary angular resolution and surface brightness sensitivity to image them satisfactorily, and distinguish between the possible scenarios.
We note that the linewidths of the 6.7-GHz masers are typically 0.3 km s −1 . Similar narrow linewidths were measured by Szymccak & Kus (2000) for individual spectral peaks identified in singledish spectra of many sources. There is no systematic variation of linewidth with peak flux density.
Finally, we note that the core-halo structure of 6.7-GHz methanol masers complicates any search for copropagation of methanol masers and masers of other species (such as OH). Such studies may require combined MERLIN and VLBI measurements.
C O N C L U S I O N S
Using MERLIN's new capabilities at 6.7 GHz, fully synthesized images of the 5 1 -6 0 A + transition of methanol were made in W3(OH) at 50-mas angular resolution. The 6.7-GHz masers were found to have a filamentary structure, with weak extended emission linking the bright cores identified in VLBI data. The dominant emission comes from a compact broad-line region (Section 3.2.1), which accounts for 80 per cent of the 6.7-GHz flux. The broad-line filament is ∼0.2-arcsec long (380 au), with a large velocity gradient similar to that seen in the methanol disc feature in NGC 7538. It coincides with the radio continuum peak, with the centre of the excited 13.4-GHz OH emission, and is the region of strongest magnetic field. It seems likely that the broad-line region hosts the main source of excitation in W3(OH), as proposed by Baudry & Diamond (1998) .
The methanol maser filaments have a complex interrelation with arcs and filaments of OH maser emission. The two species are found within 0.1 arcsec of each other, but tend to avoid each other on smaller scales. However, together they trace large-scale maser filaments that stretch across the face of the UCH II region (Fig. 5) . The largest of these, which we term the extended filament, spans at least 3100 au, being traced by different masers of OH and methanol at different places. Further study is needed to understand the changing physical conditions responsible for exciting the different masers in turn, in regions that are in some cases less than 200-au apart.
Higher angular resolution observations, combining MERLIN and VLBI, are necessary to better delineate the filamentary structure of the 6.7-GHz methanol masers, and to investigate the nature of the broad-line filament.
